The distribution of carbon (C) into whole grapevine fruiting cuttings was investigated during flower development to determine the relative contribution of inflorescence and leaf photoassimilates in the total C balance and to investigate their partitioning towards other plant organs. A 13 C labelling procedure was used to label C photoassimilates by leaves and inflorescences in grapevine. Investigations were carried out at various stages of flower/berry development, from separated cluster to fruit set, using grapevine fruiting cuttings with four leaves (Vitis vinifera L. cv. Chardonnay). This is the first study reporting that, during its development, (i) the carbon needs of the inflorescence were met by both leaf and inflorescence photosynthesis, and (ii) the inflorescence amazingly participated significantly to the total C balance of grapevine cuttings by redistributing an important part of its own assimilates to other plant organs. With regard to flowering, 29% of C assimilated by the inflorescence remained in the inflorescence, while partitioning towards the stem reached 42% and, as a lower proportion, 15% in leaves, and 14% in roots.
Introduction
In woody plants, because reproductive organs consume more carbon (C) than they assimilate, flowering and fruiting represent the most energy-consuming stage of the annual developmental cycle (Finazzo et al., 1994) . Carbohydrate supply to inflorescences is therefore critical to reproduction (Hieke et al., 2002) . In trees, C nutrients required for flower and fruit development are mainly assumed to originate either from leaf photosynthesis (Hieke et al., 2002) and from trunk, branch or root reserves (Sauter and Van Cleve, 1994) . However, several authors underline that photosynthetic ability by reproductive organs, and CO 2 re-fixation by fruit in trees can compensate partly for reproductive cost and, consequently, need to be considered when discussing about C balance at reproduction stage (Hoch, 2005; Imai and Ogawa, 2009 ).
In grapevine (Vitis vinifera L.), C balance in developing inflorescences is a key point although poorly understood up to the flowering stage. In the whole plant, this delicate period corresponds to a progressive transition in C resource management, from the mobilization of starch from woody perennial organs which supply the annual organs during their early growth, to the use of current assimilates from net leaf photosynthesis which supports both the continuation of annual organ development and the replenishment of reserve stock. During flowering, any interruption or partial decline of carbon supply may result in excessive flower abortion (Merjanian and Ravaz, 1930; Koblet, 1994, 1995; Caspari et al., 1998; Zapata et al., 2004a; Lebon et al., 2008) . In addition to the contribution of leaf photosynthesis, reproductive organs contain chlorophyll from inflorescence emergence up to berry ripening, supporting photosynthesis within those organs and partly contributing to the reproductive effort (Niimi and Torikata, 1978; Palliotti and Cartechini, 2001; Lebon et al., 2005) . Inflorescence photosynthesis is significant during the early phases of inflorescence development (Lebon et al., 2008) and then declines in parallel with chlorophyll, decrease, becoming insignificant at fruit set (Leyhe and Blanke, 1989; Lebon et al., 2005) . In this respect, determining the relative contribution of reserves, and leaf and inflorescence photosynthesis to supply inflorescence growth by using labelled tracers (vanden Heuvel et al., 2002; Morinaga et al., 2003) is of considerable interest for improving our knowledge about carbohydrate metabolism during flowering and fruit set of grapevine.
The fruiting cutting model has been selected and refined during recent years as it allows the development of vegetative (roots, leaves, shoots) and reproductive (inflorescences and clusters) organs as for the vineyard grapevines (Lebon et al., 2005) . Moreover, the chronology of flowering and fructification of fruiting cuttings is similar to that of the vineyard-grown grapevines (Lebon et al., 2005 (Lebon et al., , 2008 .
By investigating the changes in 13 CO 2 assimilation in both inflorescences/bunches and in the leaves of fruiting cuttings at the key steps of flowering and fruit development, the present work examined (i) how the inflorescence and growing leaves, respectively, contributed to the total C balance, and (ii) what the fate was of 13 C assimilated by leaves and/or bunches within the plant according to the growth needs of sink organs.
Materials and methods

Plant material
Investigations were carried out on Vitis vinifera L. cv. Chardonnay. Dormant cuttings, which had been cane-pruned were collected from the CIVC vineyard in Plumecoq, France (Mullins, 1966; Mullins and Rajasekaran, 1981) and kept in a cold chamber at 4°C for 2 months. Cuttings prepared according to Lebon et al. (2005) were placed in 300 ml pots containing perlite:sand (1:2 v/v) and transferred to a culture chamber at 24°C (day/night) and 70% relative humidity (RH). The photoperiod was 16 h using artificial photosynthetic photon flux supplying 120 lmol m À2 s
À1
. Each pot was watered daily with 100 ml of mineral medium (Coïc and Lesaint, 1971) . Leaves were removed until the first inflorescence appeared after which only four leaves were allowed to develop on each fruiting cutting (Lebon et al., 2005) .
Labelling overview
The partitioning of assimilated carbon was assessed by using short-term 13 CO 2 labelling, which is a safe and convenient stable isotopic method widely used to follow the fate of photoassimilated C in many tree species (Pellicer et al., 2000; Maillard et al., 2004) . Labelling of cuttings was performed at four different stages of inflorescence development: separated clusters (BBCH 53), separated floral buds (BBCH 57), flowering onset (BBCH 68), and fruit set (BBCH 71) according to the BBCH scale (Meier, 2001) . The days that elapsed between one stage and the next were about 10 (BBCHs 53-57), 13 (BBCHs 57-68), and 5 (BBCHs 68-71).
Cuttings were placed in a controlled environment chamber (VTPH 5/1 000, Vötsch Industrie-technik GmbH, ReiskirchenLindenstruth, Germany) operating as a semi-closed system designed for C labelling and exposed for 12 h to a . Three labelling conditions were applied at each of the four stages of development: labelling of the whole cuttings, labelling of leaves or labelling of the inflorescence/bunch. Leaf-specific labelling was achieved by shading the inflorescence of fruiting cuttings using an opaque mantle. Inflorescence/bunch-specific labelling was achieved by shading the leaves of each cutting. After 12 h of labelling, fruiting cuttings were returned to their phytotronic chamber and cultivated as before.
Sampling
At the four stages of inflorescence development, five cuttings were collected just after the labelling period (0 h, pulse) and 8 plants 48 h after labelling (48 h, chase). In addition, three unlabelled fruiting cuttings were simultaneously harvested to determine baseline 13 C abundance. After each labelling pulse and chase, unlabelled and labelled cuttings were separated into stem, roots, leaves, and inflorescence/bunch. Organs were quickly frozen in liquid nitrogen, freeze-dried, weighed, and ground to a fine homogenous powder with a laboratory mill (Retsch MM200, 42781 Haan, Germany). Powders were further stored in the dark within airtight vials until isotopic measurements.
Isotopic analyses and calculations
Total C concentration as well as the 13 C/ 12 C isotopic ratio of unlabelled and labelled cutting samples were measured with an elemental analyser (NA 1500 NCS, Carlo Erba, Milan, Italy) coupled to a Delta-S isotopic ratio mass spectrometer (Finnigan-Mat, Thermoquest Corp., San Jose, CA). Isotopic calculations were based on the C isotopic composition of cuttings sampled at the end of the pulse and after 48 h of chase.
Distribution of newly incorporated 13 C atoms within a cutting was expressed in two complementary ways as relative specific allocation (RSA) and partitioning (%P). RSA describes the proportion of newly incorporated atoms relative to total atoms in a given sample, and is also interpreted as an index of C turnover whereas %P describes the proportion of newly incorporated C atoms in a given sample relative to the total C atoms in that cutting (Deléens et al., 1995) . Incorporation in excess of 13 C, RSA, and P were calculated as follows.
Isotopic abundance in atom% for carbon (A C %) is defined as:
Relative specific allocation of C (RSA C , %) is defined as the fraction of C assimilated during the labelling period from the atmosphere of the labelling chamber related to the total C of each cutting organ:
RSAð%Þ ¼ A c;labelled organ ÀA c;unlabelled organ A c;labelled atmosphere ÀA c;unlabelled atmosphere 3100 ð2Þ
The new assimilated C content was calculated for each cutting organ considering its dry mass and C concentration:
where DW represents dry weight (g) and [C] the C concentration (g C per 100 g DW).
The new assimilated C content was calculated at the end of the 13 CO 2 pulse and after 48 h of chase in order to determine the C content newly assimilated at the end of the pulse and the rest remaining after a chase of 48 h.
The distribution of assimilated C among the various organs was assessed by calculating the partitioning coefficient (%P) for C:
where [C] represents the tissue C concentration.
Statistical analysis
Data were analysed by two-way ANOVAs. Simple linear models were fitted when no residual heteroscedasticity was shown, otherwise a generalized least squares (GLS) method was used that modelled different residual variances for each combination of levels of the two factors analysed. Normality and homoscedasticity of standardized residuals were graphically checked by normal quantile to quantile plots and standardized residuals against predicted plots. All analyses were performed with R 2.12.1 (Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL. http://www.R-project.org/). Simple linear models were fitted with the lm function of stats R package whereas GLS fits were performed with the gls function of nlme package. Post-hoc tests were performed after model fits with the function glht of multcomp R package (Hothorn et al., 2008) . The default 'single-step' method, which controls the familywise error rate (Hothorn et al., 2008) by adjusting P-values for each single test, was used. Differences at P <0.05 were considered as significant.
Results
Changes in total C content of organs during flowering and fruit set
The carbon content of whole cuttings was relatively stable from stages 53 to 71 and did not vary significantly between the three labelling conditions (Fig. 1a) . In leaves, the C content increased substantially during development especially from stages 68-71 (Fig. 1b) . In the inflorescence/bunch, C content increased slowly between stages 53 and 57 and then stabilized (Fig. 1c) . Most of the C content of cuttings was located in the stem (Fig. 1d) in which the C content remained quite stable. Growing competing organs for C were leaves, inflorescences/bunches, and roots. In spite of the variability of the root system between cutting lots, the C content of the roots was quite stable (around 0.03 g) until stage 68 then it increased from about 0.03 to about 0.08 g at fruit set (Fig. 1e) .
Contribution of leaves and bunches to the total C assimilation and to C turnover on each organ (RSA c )
New carbon of whole cuttings increased significantly but slightly from stages 53 to 68 and then was raised markedly at stage 71 (Fig. 2a) . New C incorporated by leaves represented most of the new C of the whole cutting and followed a similar pattern (Fig. 2a, b) , according to leaf growth (Table 1) . C assimilation differences between total and leaf labelling could originate from total leaf area differences among lots (Table 1) . However, they are not significantly different except at stage 57 (Fig. 3a) . C assimilated by the inflorescence/bunch did not change with stage and corresponded to about 0.4-0.6 mg C for 12 h of labelling (Fig. 2c) . This amount represented between 40-60% of the total assimilation of the cutting at stage 53, between 6-13% at stage 57, and less than 3% at stage 71.
During inflorescence/bunch development and according to labelling conditions, each organ accumulated new C originating from leaf, inflorescence/bunch or from the whole cutting. This new C accumulation was low until stage 68 then started to increase significantly from stages 68-71 in leaves, inflorescence, and stem (Fig. 3b, c, d, e) . Considering both total and leaf labelling conditions, the proportion of new C in the total C content (RSA %) from stages 53-57 was negligible (0.2%) in the stem (Fig. 3i) , while it was close to 1% of total C in the inflorescence and roots (Fig. 3h, j) and about 2-3% of total C in leaves (Fig. 3g) . This proportion levelled off in leaves from stages 57-71 (Fig. 3g) while it continued to increase markedly in the inflorescence/bunch and roots (Fig. 3h, j) , reaching almost 4% of their total C at stage 71. In inflorescence/ bunch labelling conditions, RSA in leaves and in the inflorescence was very low at stage 53, i.e. 0.2% and 0.1%, respectively (Fig. 3g, h ). During reproductive development, this proportion remained stable in the inflorescence/bunch while it decreased significantly to 0.05% in the leaves from stages 68-71 (Fig 3h) . In roots, RSA increased gradually to reach 0.1% at stage 71 (Fig. 3j) , while it was maintained to 0.01% in the stem (Fig. 3i) .
Changes in total C partitioning and in fate of C assimilated by leaves or by bunch during reproductive development
At stage 53, total C was distributed in decreasing order to growing organs as follows: stem (95%, result not shown), leaves, inflorescence/bunch, and roots ( Fig. 4a-c) . From stages 57-71, partitioning of C increased markedly to leaves and more slightly to roots, while it stabilized or decreased to inflorescence/bunch (Fig. 4a-c) . At stage 71, about 90% of cutting C was located in the stem, the rest being partitioned in decreasing order to leaves (9%), roots (2%), and the bunch (2%) (Fig. 4a-c) .
After 48 h of chase and in all labelling conditions, the fate of new C has been followed at each stage of development. At stage 53, most of the C assimilated by leaves or by the whole cutting stayed in the leaves (Fig. 4d, e) . At stage 57, more new C was partitioned to the other organs, representing 6-12% in the inflorescence, 2-5% in roots, and less than 3% in the stem. At stages 68 and 71, partitioning of new C towards the roots and stem continued to increase and represented from 11-20% of the total new C in the cutting, respectively. At stage 71, 50-60% of C assimilated by leaves or by the whole cutting remained in the leaves (Fig. 4d, e) . In the inflorescence/bunch, partitioning of new C remained stable from stages 57 to 71 (Fig. 4d, e) .
In bunch labelling conditions (Fig. 4f) , C assimilated by the inflorescence at stage 53 was partitioned to the leaves (44%), inflorescence (29%), stem (26%), and in a low proportion to roots (0.12%). At stage 57, partitioning towards roots remained negligible, while it increased slightly in leaves, more markedly in bunches (43%), and decreased drastically in the stem (Fig. 4f) . At stage 68, leaves continued to attract more Each value corresponds to a mean 6standard error at 0 h after labelling (0), n¼5; at 48 h after labelling (48), n¼8. The significance of developmental stage and sampling time, and their interaction are indicated by asterisks: ns, non-significant; *P <0.05; **P <0.01; ***P <0.001. new C (70%) from the bunch, while partitioning towards stem dropped to 0%. Roots began to attract new C (18%) from the bunch at stage 68 while the bunch only kept 12% of its new C (Fig. 4f) . At stage 71, new C assimilated by the bunch went more towards the stem and less towards the leaves, and partitioning was in decreasing order: stem (42%), bunch (29%), leaves (15%), and roots (14%).
Discussion
Partitioning and mobilization of C reserves, as well as the distribution of new assimilates into clusters from leaves, are well documented in grapevine (Motomura, 1990 (Motomura, , 1993 Zapata et al., 2001 Zapata et al., , 2004a . The present study clearly demonstrates that, during its development, (i) the C needs of the inflorescence were met by both leaf and inflorescence photosynthesis and that (ii) the inflorescence surprisingly participated significantly to the total C balance of grapevine cuttings by redistributing most of its own assimilates to the other organs. For C allocation, storage C in perennial tissues of grapevine is mainly represented by starch (Zapata et al., 2004b) which decreases in the stem during floral development due to mobilization by growing organs (Scholefield et al., 1978) . In our cuttings, while young leaves, roots, and inflorescences in lower proportion were strong sinks for C, stem C remained quite stable from flowering (stage 68) to fruit set (stage 71). This result suggests that stored C mobilized from the wood for ensuring growth needs was progressively replenished by newly assimilated C. This hypothesis is corroborated by our labelling results. During the experiment, C assimilated by the cutting was increasingly translocated to the stem, reaching about 20% of the C assimilated by leaves at fruit set. This result is in agreement with previous results indicating that the pool of C in vineyard plants is restored in perennial organs by the photosynthetic activity of the mature leaves, extending from flowering to leaf senescence, especially during berry ripening (Candolfi-Vasconcelos et al., 1994; Chaumont et al., 1994; Miller et al., 1997) .
Regarding the new C allocation, our labelling experiment showed that C newly incorporated in cuttings originated mainly from leaf assimilation (Fig. 3b) . Moreover, at the early stages, 53 and 57, most of this C was used by young leaves and the rest was directed to the growing inflorescence. Temporal characteristics of sink-source transition in leaves of several deciduous mature trees have been studied by Keel and Schädel (2010) making use, like us, of 13 CO 2 -pulse-labelling of expanding leaves. These authors demonstrated that assimilating CO 2 by growing leaves begins at a very early stage of their development (10-50% expanded). Actually, young grapevine leaves are capable of photosynthesis very early during their growth period as well, although they become a source of C assimilates for the other organs of the plant only when they reach at least one-third of their final size (Koblet, 1969; Alleweldt et al., 1982; Petrie et al., 2000) . It has been shown that C assimilation of grapevine leaves regularly increases during the growth of the inflorescence (Lebon et al., 2005) and up to 44% of the assimilated C by the whole plant is destined to reproduction including inflorescence, flower, and berry development (Candolfi-Vasconcelos et al., 1994) . Inflorescences are also able to perform photosynthesis but in lower proportions compared with leaves (Lebon et al., 2005) . Interestingly, our experiment shows at the end of the labelling period (0) that the amount of C assimilated by the inflorescence represented about 40-60% of the amount of C assimilated by the whole cutting until stage 57 (Fig. 2a, c) . While young leaves kept most of their new carbon (Fig. 4e) , young inflorescences distributed about 60% of assimilated C to the leaves and stem (Fig. 4f) . Then, at the early flowering stages we can claim that inflorescence assimilation was not an epiphenomenon regarding the total C assimilation of the cutting, and it participated in the C balance of other grapevine organs. In particular, leaves remained strong importers of C assimilated by inflorescences until flowering (stage 68). In addition, our results show that C assimilation of the inflorescences/bunches remained stable with time. However, due to leaf development and a correlated increase in photosynthesis, inflorescence assimilation represented a decreasing part of the total assimilation in cuttings. From separated floral buds (stage 57), an increasing proportion of assimilated C was exported from the leaves towards the stem and roots, which became as important sinks for C as the inflorescences. In addition, the data obtained in this study determine to what extent the autotrophic activity of the grapevine inflorescence contributes to the total nutrient requirement of the inflorescence until anthesis (Lebon et al., 2008) . From flowering to fruit set, the inflorescence used 20-40% of its assimilated C (Fig. 4f ) and imported about 6-12% of C assimilated by the leaves (Fig. 4e) . At separated clusters (stage 53), 20% of the new assimilates in the inflorescence originated from leaf assimilation. From stage 57, this percentage increased and at stages 68-71 about 95% of the new assimilates present in the inflorescence originated from leaf assimilation (Fig. 3c) . So, photosynthesis of the inflorescence at flowering provided most of the new C for itself until the leaves become old enough to relay and become a source of assimilates for the rest of the plant.
To conclude, leaves and inflorescences were competing for C mainly at stages 53 and 57, but the special feature of inflorescences was their ability to distribute an important amount of their assimilated carbon to feed growing leaves, especially at flowering. The C needs of the bunches did not increase further and even decreased after flowering (Fig. 1c) , while an increasing proportion of new C was partitioned to the leaves and roots. At fruit onset, the leaves and roots were the main sinks for C. These results confirm the sink status of the young leaves from flowering to fruit set (Koblet, 1969; Petrie et al., 2000) for C. By contrast, the bunch remained a weak sink for C before berry ripening as reported earlier (Motomura, 1982; Lavee and Nir, 1986) . At flowering, the inflorescence significantly participated in the total C balance of grapevine by redistributing an important part of its own assimilates.
